In the present work, the gamma and neutron attenuation behaviors of tungsten, tungsten copper, and tungsten boron-carbide coatings on 321 stainless steel substrate were investigated against Cs-137 and Co-60 gamma radioisotopes and Pu-Be neutron source. The experimental results were compared and evaluated with pure 321 stainless steel to obtain gamma and neutron shielding properties of the coating materials. Tungsten, tungsten copper, and tungsten boron-carbide coatings on 321 stainless steel substrate were fabricated by atmospheric plasma spraying technique. Gamma and neutron transmission technique were used in this study to investigate the radiation behaviors of the coated materials. Linear attenuation coefficients of coated samples were carried out for Pu-Be neutron source. Transmittance values for each specimen were calculated at 0.662 MeV and 1.25 MeV gamma energies. The experimental results were evaluated for radiation shielding properties of the coated samples against gamma and neutron source with pure 321 stainless steel.
Introduction
Tungsten (W) is one of the most important materials for nuclear applications, especially fusion reactors which is selected as armor for the divertor region in ITER and DEMO. Tungsten has many advantages for fusion plasma-facing applications due to the high melting point, low erosion for high energy threshold for sputtering, high thermal conductivity and low swelling [1] [2] [3] . Furthermore, Tungsten composite materials are used for high gamma radiation shielding applications because of high density and favorable mechanical properties [4] . On the other hand tungsten has some disadvantages as like poor machinability, recrystallization and potential loss of melt layer during transient events. Bulk tungsten has a higher electrical conductivity for this reason that cause some troubles with eddy currents. In addition there are some difficulties of using tungsten as plasma facing component because of its brittleness, hardness and heaviness [5] .
Tungsten coatings are considered as the shielding materials for the plasma facing components in order to improve theirs properties. W-Cu composites have been used for many applications due to high thermal and electrical conductivity of copper as well as high density, high melting point and high erosion resistance of tungsten. There are several techniques to produce coating materials such as VPS (Vacuum plasma spraying), PVD (physical vapor deposition), CVD (chemical vapor deposition) and * corresponding author; e-mail: ertudemir@itu.edu.tr atmospheric plasma spraying technique (APS). In this present work, W coatings were produced atmospheric plasma spraying technique (APS) which is relatively low cost and high deposition rate [6] [7] . On the other hand APS-W coatings have some disadvantages such as being handily oxidized, high porosity and comparing with poor physical and mechanical properties [8] .
The aim of this paper investigate behaviors of W, WCu and WB 4 C coatings on 321 stainless steel substrate against gamma radiation and neutron source. Co-60 and Cs-137 were used as gamma radioisotope sources and evaluated for each specimen. Their neutron attenuation were performed against Pu-Be neutron source. Finally all results were evaluated and compared with each other to determine effect of W, W-Cu and WB 4 C coatings with pure 321 stainless steel to obtain gamma shielding properties of coating materials.
Experimental and material

Gamma and neutron transmission technique
Experiments were carried out on the basis of transmission technique which is based on penetrating gamma rays and neutrons through the materials [9] . The gamma source or neutron source and detector are placed opposite sides of the material which has shown in figure 1. The gamma ray intensity which comes from the gamma and neutron source are counted by the detector. In the beginning of the experiments, background radiation was measured. Then initial radiation intensity I 0 was measured without any material. After that gamma intensities I were measured for all materials of different thickness. Accumulation time was 600 s both for Co-60 and Cs-137 gamma sources. Each measurements
was repeated minimum five times and average value of gamma intensity was calculated. Relative intensity I/I 0 values performed for all composites materials to get rational evaluation. Thereupon relative intensity-material thickness graphs were drawn. On the other hand, PuBe neutron source which has 5 Ci activity, 10 6 n/cm 2 s neutron flux, 5 MeV average neutron energy and paraffin wax (2.5 cm thick) was used for neutron transmission experiments. PM1401K model, scintillation detector and multi-channel analyzer (MCA) combined system was used to detect gamma rays and He-3 detector for neutron counting. In the experiments Co-60 and Cs-137 gamma radioisotopes were used for gamma source which their halflives are 5.23 and 30.1 years, respectively [10] . Cs-137 gamma radioisotope has 0.662 MeV gamma energy peak and 7.90 µCi activity. Co-60 gamma source has two energy peaks 1.17 and 1.33 MeV [11] which has 5.79 µCi activity.
In the experiments Canberra Model (802-2X2) NaI Scintillation detector which has 5.5 cm diameter and 14-pin tube was used in the experiments. The detector was placed 4 cm far from the source. Both the detector and gamma radioisotope source are inserted in the lead collimator (5cm thick) which have 7 mm hole on the same axis to see each other and minimize effect of the background radiation and scattering effect.
Material
Tungsten, tungsten copper and tungsten boron carbide coatings on 321 stainless steel substrate were tested in the experiments. Materials were coded according to number of coating. All coating samples were fabricated with Atmospheric Plasma Technique (APS). The properties of the specimens are shown in Table I .
Results and discussion
Gamma radiation results
Tungsten, tungsten copper and tungsten boron carbide coatings on 321 steel substrate were carried out determination on gamma shielding behaviors for Co-60 and Cs-137 gamma radioisotope sources. Relative count values for all specimens were calculated for both Co-60 and Cs-137 radioisotopes. It can be seen that increasing coating thickness for all samples has improved gamma shielding properties of 321 steel substrate.
Transmittance values of specimens were drawn for Cs-137 and Co-60 gamma radioisotopes according to experimental results. The graphs were divided into three groups which can help us to evaluate and compare with each other the effects of coatings on gamma shielding properties of the composites. Figure 2 shows that comparison of transmittance of the coating samples, it represents a, b and c in the below which are tungsten, tungstencopper, tungsten boron carbide coatings respectively, against on pure 321 stainless steel substrate for Cs-137 gamma radioisotope. Figure 3 shows comparison of transmittance of the coating samples against pure 321 stainless steel substrate for Co-60 gamma radioisotope. Tungsten (a), tungsten copper (b) and tungsten boron-carbide coatings (c) can be seen in Fig. 3. 
Pu-Be neutron source
The linear attenuation coefficient of coated samples were calculated for neutron shielding properties. The experimental results of tungsten, tungsten copper, and tungsten boron-carbide coatings on 321 steel substrate were shown in Table II for Pu-Be neutron source. It can be understood from Table II that there is no significant changes for neutron shielding. It may be said that very close thickness of coating values led us to these results.
TABLE II
The linear attenuation coefficient n [cm Figure 4 shows that relative intensity (I/I 0 ) -material thickness graphs for tungsten, tungsten copper, and tungsten boron carbide were drawn by using experimental data for Pu-Be neutron source.
On the other hand, there was some theoretical studies which are related to coating materials on stainless steel substrates and which were analyzed with computer programs. MCNP5 program was used to investigate the gamma shielding properties for different materials such as cobalt and titanium on maraging steel. The experimental results in this paper show nearly the same transmittance ratio for gamma shielding properties when compared to the other studies. The results indicate approximately the same transmittance ratio that is calculated as 92% from other related study [12] which is also so close to our consequences (average 90%) for gamma shielding properties.
Conclusion
The purpose of this work is to investigate the effects of tungsten, tungsten copper, and tungsten boron-carbide coatings on gamma and neutron radiation shielding properties of 321 stainless steel substrate. Tungsten, tungsten copper, and tungsten boron-carbide coatings on 321 stainless steel substrate were studied for Cs-137, Co-60 gamma radioisotopes and Pu-Be neutron source by using transmission technique. Linear attenuation coefficients of coated samples were carried out for Pu-Be neutron source. Transmittance values for each specimen were calculated at 0.662 MeV and 1.25 MeV gamma energies. From the analysis of the results can be reached as follows:
• The gamma attenuation properties of the all specimens were evaluated and compared with each other. The transmittance ratios were carried out for coated and uncoated samples. Coated samples have lower transmittance ratios than uncoated sample (pure 321 stainless steel) where the ratio was decreased with increase of coating thickness. Hence the coated samples have better gamma shielding properties than the uncoated sample (pure 321 stainless steel).
• The experimental results are generally comparable with the other studies.
• It can be said that tungsten, tungsten copper, and tungsten boron-carbide coatings on 321 steel substrate showed that were no significant changes for neutron shielding.
• W coating on 321 steel substrate has the smallest linear attenuation coefficient of the all studied coated specimens for Pu-Be neutron source.
• According to test results and related studies, it can be said that tungsten, tungsten copper, and tungsten boron-carbide coatings on stainless steel substrate is applicable for gamma shielding materials.
